Ralstonia pseudosolanacearum Ps29 showed repellent responses to alcohols including methanol, ethanol, 1-propanol, 2propanol, 1-butanol, 2-butanol, 1,3-propanediol and prenol. R. pseudosolanacearum Ps29 possesses 22 putative chemoreceptors known as methyl-accepting chemotaxis proteins (MCPs). To identify a MCP involved in negative chemotaxis to ethanol, we measured ethanol chemotaxis of a complete collection of single mcp gene deletion mutants of R. pseudosolanacearum Ps29. However, all the mutants showed repellent responses to ethanol comparable to that of the wild-type strain. We constructed a stepwise-and multiple-mcp gene deletion mutant collection of R. pseudosolanacearum Ps29. Analysis of the collection found that an 18-mcp-knockout mutant (strain POC18) failed to respond to ethanol. Complementation analysis using POC18 as the host strain found that introduction of mcpA, mcpT, mcp09, mcpM, mcp15 and mcp19 restored the ability of POC18 to respond to ethanol. However, unexpectedly, strain POC10II, harbouring unmarked deletions in 10 mcp genes including mcpA, mcpT, mcp09, mcpM, mcp15 and mcp19 showed repellent responses to ethanol comparable to that of wild-type Ps29. We hypothesised that multiple mcp mutations in POC18 led to a shortage of MCPs required for formation of functional chemoreceptor arrays. When pPS16 (encoding McpP involved in phosphate chemotaxis) was introduced into POC18, POC18(pPS16) did not respond to phosphate. This result supports the hypothesis. But, genetic analysis revealed that MCPs (Mcp07, Mcp13, Mcp20 and Mcp21) are not essential for ethanol chemotaxis. Thus, we conclude that many and unspecified MCPs are involved in negative chemotaxis to ethanol in R. pseudosolanacearum Ps29.
INTRODUCTION
The Ralstonia solanacearum species complex consisting of R. solanacearum (formerly R. solanacearum phylotype II), R. pseudosolanacearum (formerly R. solanacearum phylotypes I and III) and R. syzygii subsp. indonesiensis (formerly R. solanacearum phylotype IV) is a bacterial group of Gram-negative plant pathogens. The R. solanacearum species complex comprises probably the most destructive plant pathogens worldwide, because they cause bacterial wilt in more than 200 plant species in over 50 families, including economically important crops such as tomato, potato, eggplant, tobacco and banana [1] . This soil-borne bacterium usually enters plant roots through wounds, root tips and secondary root emergence points, from which the bacterium invades the xylem vessels and spreads to the aerial parts [2] .
Chemotaxis is the movement of a motile bacterium toward or away from a chemical gradient. The molecular mechanisms of chemotaxis have been studied intensively in Escherichia coli, Salmonella enterica serovar Typhimurium and certain Pseudomonas strains [3, 4] . The typical chemotaxis system consists of three protein groups: chemoreceptors, known as methyl-accepting chemotaxis proteins (MCPs), for recognition of the ligand; intracellular chemotaxis proteins (Che proteins) in two-component signal transduction pathways; and flagella to generate the driving force [5] . The R. solanacearum species complex is motile and shows chemotaxis to a variety of compounds [6] [7] [8] [9] . It has a chemotaxis system similar to that of E. coli and S. enterica serovar Typhimurium [6, 10] .
In the R. solanacearum species complex, motility and chemotaxis are regarded as essential for ecological activities including plant infection. Tans-Kersten et al. demonstrated that swimming motility of R. solanacearum strain K60 (phylotype II) was essential for invasive virulence in tomato [11] . Yao and Allen observed that cheA and cheW single mutants of R solanacearum K60, which were nonchemotactic but motile, were less infectious than the wild-type strain [10] . Hida 
METHODS
Bacterial strains, plasmids and growth conditions Bacterial strains and plasmids used in this study are listed in Tables 1 and S1 (available in the online version of this article), respectively. R. pseudosolanacearum Ps29 (isolated from tobacco) was obtained from the Leaf Tobacco Center (Japan Tobacco Inc.) [16] . E. coli strains JM109 [17] and S17-1 [18] were used for plasmid construction and transconjugation, respectively. R. pseudosolanacearum Ps29 was cultivated at 28 C in CPG medium [19] or R. solanacearum minimal medium [6] . For chemotaxis assay, R. pseudosolanacearum Ps29 and derivatives were cultivated at 28 C in RSM for 20 h. E. coli strains were grown at 37 C in 2Â YT medium [17] . Appropriate antibiotics were supplemented into medium when necessary.
Chemotaxis assay
The computer-assisted capillary assay method was carried out as described previously [20] . Cells in a 10 µl suspension were placed onto a coverslip, and the assay was started by placing the coverslip upside down on the U-shaped spacer to fill the chemotaxis chamber with the cell suspension. Cells were recorded by a digital camera attached to a phasecontrast microscope. Digital image processing was used to count the number of bacteria accumulating toward or away from the mouth of a capillary containing a known concentration of a test compound plus 1 % (wt/vol) agarose. The strength of the chemotactic response was determined by the number of bacterial cells per frame. Chemotaxis buffer consisted of 10 mM HEPES (pH 7.0).
DNA manipulation
Standard procedures were used for plasmid DNA preparations, restriction enzyme digestions, ligations, transformations, and agarose gel electrophoresis [17] . PCR was carried out using KOD FX Neo polymerase (Toyobo) according to the manufacturer's instructions. Oligonucleotides for PCR newly used in this study are listed in Table S2 . All PCR primers were designed based on the genome sequence of R. pseudosolanacearum GMI1000. Plasmids were introduced into R. pseudosolanacearum strains by transconjugation using E. coli S17-1 or by electroporation using the CM630 system (BTX Instrument Division of Genetronics Inc.) with a capacitance of 25 µF and an electric field of 12.5 kV/cm.
Construction of unmarked deletion mutants of R. pseudosolanacearum Ps29
The mcp and che genes in R. pseudosolanacearum Ps29 were deleted by an unmarked-gene-deletion technique using suicide plasmid pK18mobsacB that harbours a kanamycin resistance (kan) gene as a selection marker and the sacB gene as a counterselection marker [21] . The constructed plasmids used for unmarked-gene-deletion were reported previously [6] . The general procedure was as follows: single-crossover recombination between homologous regions of genomic DNA and the plasmid resulted in the integration of the plasmid into the genome. Cells containing the integrated plasmid were selected by kanamycin resistance (Km r ), and sucrose sensitivity was confirmed. Cells undergoing the second single-crossover recombination (plasmid excision) were then selected on plates containing 6 % sucrose, yielding sucroseresistant, kanamycin-sensitive cells. Depending on the excision crossover, the resulting strain harboured either the wild-type gene or an unmarked deletion of the target gene. The latter genotype was confirmed by visualising the size of the amplicon generated by using PCR primers flanking the target gene. The 22 mcp genes were deleted by repeating this process one by one to obtain a total-chemoreceptor-knockout mutant, strain POC22.
Construction of plasmids for complementation analysis pRCII was constructed to provide a vector for complementation analysis of R. pseudosolanacearum mutants [6] . The general procedure was as follows: DNA fragments containing mcp genes were amplified by PCR using primers listed in Table S2 . The amplified DNA fragments were digested with appropriate restriction enzymes and ligated into the backbone of pRCII digested with appropriate restriction enzymes. The resulting plasmid was introduced into R. pseudosolanacearum strain POC18 by electroporation. . Thermal cycling conditions for qrt-PCR were as follows: 98 C (2 min), followed by 40 cycles of 98 C (10 s), 60 C (10 s) and 68 C (30 s) using primers for mcp genes or gyrB. The primers used for qrt-RT-PCR are listed in Table S2 .
RNA extraction and qrt-RT-PCR

RESULTS
Negative chemotaxis of R. pseudosolanacearum Ps29 to ethanol Weak acids such as acetate and benzoate, ethanol, and amino acids such as Leu, Ile, Val, Trp and Phe were reported to be repellents for E. coli [13] . Additionally, arabic acid is known as a repellent for some bacteria such as A. faecalis, P. fluorescens and Erwinia carotovora [15] . We measured the chemotactic responses of R. pseudosolanacearum Ps29 to weak acids, including arabic acid and ethanol to search for repellents. We did not measure responses to amino acids, because we have already demonstrated that this strain senses these amino acids as attractants [6] . Computer-assisted capillary assays revealed that R. pseudosolanacearum Ps29 showed repelled responses to ethanol and attractive responses to acetate, while it did not show any responses to arabic acid or benzoate ( Fig. S1 ). Fig. 1(a) shows time courses of the chemotactic responses of R. pseudosolanacearum Ps29 to various concentrations of ethanol. R. pseudosolanacearum Ps29 showed repelled responses to ethanol in a concentration-dependent manner (Fig. 1a ). The movement of bacteria away from 50 % ethanol was so drastic that cell numbers near the mouth of capillary decreased by approximately 50 % within the first 20 s.
We then investigated the involvement of Che proteins, intracellular chemotaxis signal transduction proteins, in the negative chemotaxis to ethanol. We measured chemotactic responses of a cheA-deletion mutant (DPScheA), cheB-deletion mutant (DPScheB), and cheR-deletion mutant (DPScheR) of R. pseudosolanacearum Ps29 to ethanol. All these mutants showed no response to ethanol ( Fig. 1b) , indicating involvement of the Che signal transduction pathway in the negative chemotaxis to ethanol. CheR (MCP methyltransferase) and CheB (MCP methylesterase) are essential for MCP-dependent chemotaxis [22] . Thus, these results demonstrate that the repelled response to ethanol is MCP-dependent chemotaxis.
We measured the responses of R. pseudosolanacearum Ps29 to various other alcohols [10 % (vol/vol)]. R. pseudosolanacearum Ps29 showed repelled responses to 1-propanol, 2-propanol, 1-butanol, 2-butanol, 1,3-propanediol, and prenol ( Fig. 2 ). Although 10 % (vol/vol) methanol did not elicit negative chemotaxis, this strain was repelled by 50 % (vol/vol) methanol (data not shown).
Search for MCPs involved in negative chemotaxis to ethanol Results in Fig. 1 (b) demonstrate that negative chemotaxis to ethanol is dependent on a MCP(s). We then searched for MCPs responsible for ethanol sensing. R. pseudosolanacearum Ps29 possesses 22 mcp genes [6] . We constructed a complete collection of single-mcp gene mutants of R. pseudosolanacearum [6] . We examined these mutants for chemotactic responses to ethanol to identify the MCP(s) related to ethanol. We found that all mutants showed repelled responses to ethanol comparable to that of the wild-type strain (Fig. 3 ). This result suggested involvement of multiple MCPs in negative chemotaxis to ethanol. To identify the MCPs involved in negative chemotaxis to ethanol, we constructed a series of multiple mcp deletion mutants of R. pseudosolanacearum Ps29 (named POCn, where n is the number of deleted mcp genes) which harbour unmarked deletions in 3 to 22 mcp genes ( Table 1) . Mutant strains POC12 to POC22 showed significantly lower repelled responses to ethanol than wild-type Ps29 (P<0.01 by Student's t-test) ( Fig. 4) . Strain POC12 was constructed by deleting the mcpP gene in POC11. When mcp22 and mcpB were deleted in POC12, the resulting mutant POC14 showed significantly less response to ethanol than POC12 (Fig. 4 ). Deletion of mcpT in POC17 to create POC18 resulted in loss of the ability to respond to ethanol. These results suggested that mcpP, mcp22, mcpB and mcpT were involved in repellent taxis to ethanol. Repellent responses to cont. not only ethanol but also 1-butanol, 2-butanol, 1-propanol, 2-propanol and prenol were lost in POC18 (Fig. S2 ).
Strain
Complementation analysis using POC18 as the host strain
We tried to identify MCPs involved in negative chemotaxis to ethanol by another approach, complementation tests using POC18 as the host strain. We individually cloned 18 mcp genes into expression vector pRCII and introduced the resulting plasmids into POC18. Chemotaxis assays revealed that introduction of mcpT, mcp09 and mcpM restored the ability of POC18 to negatively respond to ethanol (P<0.01 by Student's t-test) (Fig. 5 ). POC18 harbouring mcpA, mcp15 and mcp19 also showed significant repelled responses to ethanol (P<0.05 by Student's t-test). However, introduction of mcpP, mcp22, or mcpB did not restore the ability of POC18 to respond to ethanol. To confirm this result, we constructed a multiple mcp deletion mutant of R. pseudosolanacearum Ps29, strain POC10II, which harbours unmarked deletions in 10 mcp genes including mcpT, mcp09, mcpM, mcpA, mcp15 and mcp19. Unexpectedly, however, this mutant strain showed repelled responses to ethanol comparable to wild-type Ps29 (Fig. 6 ). 
Possibility of disturbance of chemoreceptor arrays in multiple mcp deletion mutants
Recently, it was shown that MCPs formed trimers of dimers which interacted with an adaptor protein, CheW, and a histidine protein kinase to create hexagonal chemoreceptor arrays in many bacterial species [23, 24] . Deletion of multiple mcp genes may lead to shortage of MCPs required for the formation of the chemoreceptor arrays, resulting in loss of functionality of the remaining MCPs. This hypothesis can explain results in Figs 4, 5 and 6. According to this hypothesis, deletion of more than 12 mcp genes gradually disrupts the chemoreceptor arrays and deletion of more than 18 mcp genes results in complete disruption of the arrays. In complementation analysis of POC18 ( Fig. 5 ), plasmids that provide enough MCPs to form the chemoreceptor arrays restore negative chemotaxis to ethanol. And, if MCPs derived from plasmids contribute only to the restoration of the chemoreceptor arrays, disruption of genes encoding these MCPs would not affect negative chemotaxis to ethanol (Fig. 6 ). To evaluate this hypothesis, we measured phosphate chemotaxis of POC18 containing pPS16. The plasmid pPS16 harbours a gene encoding McpP, a MCP for inorganic phosphate [9] . Chemotaxis assays revealed that POC18 (pPS16) did not respond to inorganic phosphate (Fig. S3 ). In the previous study, we demonstrated that introduction of pPS16 restored the ability of POC14 to respond to inorganic phosphate [9] . These results support the hypothesis that the functional chemoreceptor arrays are not formed in POC18 because of deletion of multiple mcp genes. To further evaluate the hypothesis, we measured transcription of the mcp genes in POC11. Highly expressed mcp genes are supposed to contribute much more to formation of chemoreceptor arrays than poorly expressed ones. Quantitative RT-PCR revealed that transcription of mcpP and mcpT was the highest among 11 mcp genes in POC11 (Fig. 7) . This result was consistent with that in Fig. 4 .
If introduction of six mcp genes (mcpA, mcpM, mcpT, mcp9, mcp15 and mcp19) contributes only to the restoration of the chemoreceptor arrays in POC18, some of the remaining MCPs in POC18 should be MCPs for ethanol. To investigate this possibility, we deleted each of the mcp7, mcp13, mcp20, and mcp21 genes in POC17 to construct POC17
Dmcp07, POC17 Dmcp13, POC17 Dmcp20 and POC17 Dmcp21. Chemotaxis assays found that POC17 Dmcp13 (mcp13 deletion mutant of POC17) showed ethanol chemotaxis comparable with that of POC17, while other three mutants showed significantly lower responses to ethanol than POC17 did (P<0.05 by Student's t-test) ( Fig. 8) . Moreover, mcp7 mcp20 mcp21 triple mutant of the wild-type Ps29 showed parental responses to ethanol (Fig. 6) . These results suggest that these four receptors are not essential for ethanol chemotaxis and that MCPs other than these four receptors are involved in sensing ethanol.
DISCUSSION
In this study, we found that R. pseudosolanacearum Ps29 exhibited negative chemotaxis to alcohols including methanol, ethanol, 1-propanol, 1-butanol, 2-butanol and prenol. The comprehensive study of negative chemotaxis of E. coli by Tso and Adler revealed that, although most repellents Fig. 3 . Chemotactic responses to ethanol of R. pseudosolanacearum Ps29 single mcp gene mutants. DPScheA, which is non-chemotactic but motile mutant, was chosen as the control. Chemotaxis to 50 % (vol/vol) ethanol contained in the glass capillary was then measured using a computer-assisted capillary assay. Videotape frames were analysed at the initiation of observation and 20 s after initiation. Normalised cell numbers were calculated by dividing the number of bacterial cells at 20 s by that at the initiation of observation. Vertical bars represent the SE of measurements from at least two independent experiments conducted in triplicate. There were no significant differences in the responses of mutants compared with that of the wild-type (Student's t-test, P<0.01).
are toxic, toxicity is neither necessary nor sufficient to cause negative chemotaxis [13] . Growth inhibition tests found that methanol, 1-butanol, 2-butanol and prenol were highly toxic to R. pseudosolanacearum Ps29 (Fig. S4 ). Therefore, negative chemotaxis to 1-butanol, 2-butanol and prenol can be regarded as movement away from unpleasant environments. One percent (v/v) of ethanol, 1-propanol and 2-propanol did not show inhibitory effects on growth of this bacterium. Ethanol, 1-propanol and 2-propanol elicit negative chemotaxis in R. pseudosolanacearum Ps29, probably because they have chemical properties similar to those of 1-butanol, 2-butanol and prenol.
We first tried to identify MCPs involved in negative chemotaxis to ethanol by screening of single-mcp-gene deletion mutants. We have successfully identified MCPs for amino acids (McpA), L-malate (McpM), D-malate/L-tartrate (McpT), boric acid (McpB) and maleate (McpP) using this single-mcp-deletion mutant library [6] [7] [8] [9] . Therefore, this approach is effective to identify mcp genes when single or double MCPs are major MCPs for attractants or repellents. We could not identify MCPs involved in negative chemotaxis to ethanol because a number of MCPs are involved in sensing ethanol.
We employed two additional approaches to identify MCPs involved in ethanol chemotaxis. They are screening of a collection of multiple-mcp-gene deletion mutants, and complementation analysis using POC18 as a host strain. The results obtained were contradictory. Therefore, we investigated the possibility that multiple deletions of mcp genes lead to disturbance of chemoreceptor arrays. Introduction of pPS16 harbouring the mcpP gene encoding the MCP for inorganic phosphate did not restore the abilities of POC18 to respond to ethanol or inorganic phosphate (Fig. S3 ). This result supports our hypothesis. Moreover, we demonstrated that pPS03 (harbouring the mcpT gene) and pPS14 (harbouring the mcpM gene), which could restore ethanol chemotaxis of POC18, restored the ability of POC18 to respond to D-malate and L-malate, respectively [8] . These results are also consistent with the hypothesis. Although observation of chemoreceptor arrays by, for example, cryo-electron microscopy is required to conclude that chemoreceptor arrays are disturbed in POC18, results obtained suggest that POC18 does not possess the functional chemoreceptor arrays.
In complementation analysis using POC18 (Fig. 5 ), restoration of the ability to form functional chemoreceptor arrays is essential. There are two possibilities. One is that the six genes (mcpA, mcpM, mcpT, mcp9, mcp15 and mcp19) contribute only to functional chemoreceptor array formation. Another possibility is that these genes not only contribute to functional chemoreceptor array formation, but also encode MCPs for ethanol chemotaxis. Because four mcp genes that POC18 possesses are not essential for ethanol chemotaxis (Figs 6 and 8 Bacterial negative chemotaxis has been intensively studied in E. coli. This bacterium possesses five MCPs, Tsr, Tar, Trg, Tap and Aer [13] . Tsr mediates repellent responses to acetate, benzoate, indole and leucine [13] . Repellents Ni 2+ and Co 2+ are sensed by Tar [13, 20] . Ethanol also acts as a repellent in E. coli, but its chemosensor(s) has not been identified [11] . Phenol was demonstrated to be sensed as a repellent by multiple MCPs (Tsr, Tap and Trg), while Tar mediates attractive responses to phenol [21] . The chemotactic response to phenol depends on the relative numbers of Tar molecules and Tsr, Tap and Trg molecules [21] [22] [23] . Pham and Parkinson investigated the molecular mechanism underlying phenol sensing by Tar and Tsr in E. coli and proposed a non-classical sensing mechanism, in which chemoreceptor Tsr does not sense phenol molecules directly, but senses a change in the structural stability or dynamic behavior of a receptor signaling element caused by phenol, to exhibit repellent responses [21] . In addition, they argued that, in phenol taxis of E. coli, MCPs do not require conventional ligand-binding sites because Tsr possibly recognises the repellent signal via its transmembrane helices. In their speculation, the repellent signal might be generated by the interaction of phenol with the lipid membrane and its effect on the membrane stability, fluidity, permeability and other properties [25, 26] .
It is known that ethanol interacts with biological membranes, resulting in decreased membrane integrity [26, 27] . Therefore, we speculate that, as in the proposal of Pham and Parkinson, MCPs would sense changes in membrane stability, fluidity and permeability induced by ethanol to cause negative chemotaxis to ethanol, rather than detecting ethanol itself, and that transmembrane regions of the MCPs might be responsible for sensing changes in the membrane status. Further study is needed to understand the molecular mechanism underlying negative chemotaxis to alcohols. 
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